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NATIONAL ADVISORY COMMITTEE FOR AZRONAUTICS

ADVANCE RESTRICTED REPORT

THE EFFECT OF COOLING-AIR BLOWERS ON THRUST POWER

By Carl B. Palmer and Maurlce J. Brevoort
SUMMARY

An aesumed alrplene was used to 1llustrate the analy-
sls of the effect of cooling-alr tlowers on thrust power.
The performance ard eafine characierlastics selected for
the alrplane arz essentially thoss of a modcrn nursult
alrplane. The recults obtained aprly 1irn particular to
the as=zured alrplane, but the conclusiones have a general
application.

When aviation-ensine heat exchanrers are used above
their design altitudz, blowors miy be ured to glve addl-
tional avallable pressure anda to increare the Jet thrust,
althoush the amount of blowslr power that may profitably
be used 1s definitely f'ixed by the operating conditlons.
¥hen the heat exchangoer 1s lerge enousrh that a blower
glves no thrust increase, the net thrust from the engine
and coolinz system 1s higher than can be obtalned from
any combination of blower and smaller heat exchanger.

INTRODUCTION

When an elrcraft-engine Lheat exchanger 1s to be used
above lts design altitude, some auxiliary equipment may be
required to give proper cooling and to keep the cooling
cost from hbecoming exorbitant. The decrease in alr den-
glty with altitude makes 1t difficult or impossible to
obtaln a welght rate of flow of air sufficlent for proper
cooling. To alleviate this cdiffliculty, more pressure
drop must be made avallsble across the heat exchanger or
the exchanger must be redesigned to allow the proper
cooling-alr flow with the low pressure drop avallable.

Axial fans, or blowers, have been used in front of
air-cooled englnes not only to increase the pressure avail-
able for cooling but also to incresase the jet thrust from
the cooling air. When air l1s compressed, heated, and then
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allowed to escape to the atmosphere through a suitable
duct, a thrust 1s obtalned (the "Meredith effect") that,
with sufflclent heating and compression, 1s of con-
siderable magnitude. Although an Increase in the blower
power ‘Increases this Jet thrust, 1t also decreases the
power that can be used for the propeller. Obvlously the
best blower 1s the one giving the highest net thruat
while properly cooling the engine.

Because it 1s 1mpossible to set down a simple rela-
tlon between the operational parameters and the blower
power resulting in maximum net thrust, and because there
1s much interest in such a relatlionshlp, the present
report has been prepared to show how the net thrust power
from a typical alr-cooled englne varles with the power
used in a blower. For simpliclity, the calculations
assume an infinite number of possible tlowers in order
to have the defined efflclency under all conditions.

The renge of condltlions covered 1s from sea level to an
altitude of 40,000 feet, for three fin widths, and at
high speed and two clirbing speeds. The conclusions
arply as well to liquicd-cooled englnes, and the method
of calculation 1s spplicable to any type of cooling
system with arbltrary varlations in propeller and blower
efficlencles,

Acknowledgment is made to Mr. U. T. Joyner cf the
NACA Physicel Research Division for preparation of the
Mollier chart used in this analysils.

METHOD

The followlng method has been followed 1n makling
the analysls of the effect of cooling-alr blowers on
thrust power. The power to operate the blower, at
70-percent-adlabatic and 95-percent-shaft efficlencles,
is subtracted from the normal engline power, and the
remaining engine power 1s put into a propeller operating
at 80-percent efficlency. The algebralc sum of the jet
and the propseller thrust powers is defined as the net
thrust power within the compass of this report.

The calculatlons are made for an alr-cooled engilne
wlth a normal power rating of 1675 horsepower. Thils
engine l1s installed in an alirplane with a gross welght of
12,000 pounds and dissipates 445 Btu per second through
1.0=-inch aluminum fins. The welght rate of cooling-air
flow is taken directly or calculated from reference 1l.
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The main paper contalins a sumrary of the most per-
tinent results, and a detalled discuesion-of the results,
11lustrated with graphs, 1s given as aprendix B. (The
ayrbols used througkout the paper ere defined in eppen-
dix A.) The method for calculating the jet thrust
power and the blower power cost are given in appendlx C,
and a discussion of the conditlons and assumptlons upon
which these calculatlons are based 1s gilven 1in appendix D
along with an evaluation of the degree of approximation
Involved 1n each asrumption.

RESULTS

The five major varlsblss conslidered hereln are:
net thrust oower, hlowxzr power, alrplane speed, altitude,
and fin width. Slnce the cooniing Zs adequate and the
heat to te digslnated is coucstant, the mest irportant
problem is Eo rake the net thrust pewer naximum. Tecause
thls rerort f{s primerily & blover rnalyele, the efflects
of alrnlene sreed, eltitvde, and fin wldth are shown by
curves plotted on coordiretaa of thrust power and blower
power. Cther cvrves shnw the effect of blower power oa
the therrmodynomlc efficlerncy of the conling-alr heat
cynle. A4 renrersentrtive cyele 1s slso clven.

Alvrplane Spead

At gltitudes wrere mvrcli of the presrure dron avell-
able 13 needed for ccoling, the hlower power giving
maxirum thrust Incrcasas as the alrplane aspeed cecreases.
(See fig. 1.) 1In clirb the sirplane speed is decreased,
pressure avallsable from ram falls off and, aaidée frcm all
conslderations of thrust, a hlower may be necessary to
provicde adequate pressure for pronerly coolinz the
eagine. For high-speed flight at 40,C00 feet the
maxirum thrust 1s obtalned with about 200 horsepowcr
for the blower. As the =peed falls telow 200 miles
per Liour, more than 3CO horsepower ls ncecded 1n the
blower to get meximum thrust ard the engine falls to
cool with less than 160 blcwer horsepower. (Note that
these values are only for 1.0-in. fins.) When the
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altitude 1s low enough that coolling 1s no problem, even
at low speed and with no blower, this velocity effect
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Figure l.- Effeot of airnlane speed on the variation of net thrust

power with blower nower at an altitude of [;0,002 feet.

1s reverced,

Figure 2,
rlane spced at sea level,
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Figure 2.~ Effect of airnlane specd on the variation of net thrust
power with blower power at soa level.
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. Altitude

For a particular flight conditlion - for example, maxi-
mum llft-drag ratio, level fllght, etc. - an increase in
altltude increases the optimum blower power. (See fig. 3.)

.
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3120 maximums - T
£ ‘~~:::::
» I

QQ
- |

110 : i ‘

0 100 200 300 1,00 500

Blower power, hp

Figure 3,- Effect of altitude on the variation of net thrust power
with blower power at high speed.

For high~aspeed flight this englne, which requires only
about 70 horsepower for the blower in order to get maxi-
mum thrust at sea level, requires nearly 180 blower
horsepower for maximum thrust at 40,000 feet, In the
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climb condition (see fig. 4) the optimum blower power
increases even more rapildly wlith sltltude.
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thrust and the permissihle blower power for high speed
at sea level., Increasing the fin width from 0.75 1inch
to 1.5 inches decreases the optimum blower power from
80 horsepower to zero and increases the meximum net
thrust power from 1275 to 1340 horsepower. Starting
from zero blower power with 1l.0~inch fins, the additlon
of a 50~horsepower blower glvers a S5-horsepower thrust
increass. If, instead of the blower, srother 1/2 inch
of fin width is added, the Iincrease In thrust power 1s
more than 3£ hcrsepowver.

At high altitudes +he effect of fin width is even
more pronounced. Lt an eltitude of 40,000 feet a
150-horscpower tlower prlves i1 2E-horsenovrer thrust
increase, while an extra 1/2 irch of fin width adds
125 thrust horrecower. (fee iz, €.) Thididnferma-
tion 1s presented in ths forn of contours of constart
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Figure 6.~ Effect of fin width can the variation of nct thrust
power with blower power for high speed at an eltitude of
140,000 feet.
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thrust power plotted on coordinates of fin width and
blower power 1in figure 7. It is obvious from figure 7
that the maximum net thrust occurs wlth relatively wilde
fins and low blower powersg.
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Physical Significance of Heat Cycle

In figure 8 a representative coolling-alr heat cycle
for high blower compression l1s shown with notatlons
explaining the significance of varlous polnts and dils-
tances on the cycle. All energles are read on the
enthalpy h scale, and the veloclty can be determlned
directly from the klnetlc energy. Point O 1s the free-
stream state polnt for the cooling alr, The ram klnetlc
energy ralses the temperature and pressure to that at
point B. The energy added by the blower increases the
entropy as well as the temperature and pressure to that
at point 1. (The dashed line indicates that the state
path cannot be defined.) As the alr accelerates 1nto
the flns, 1ts kinetlec energy increases to that at point 2.
In passing through the hot fins, the temperature and the
kinetlc energy increase and the pressure falls off some-
what as shown by point 3. The line between points 3
and 4 describes the alr as it 1s dumped behind the fins.
Kinetic energy is lost with only a 1little pressure
recovery, and the entropy increases again. Between
points 4 and 5 the alr accelerates to the cowling exit
where 1t exhausts at free-stream statlc pressure pq.

A comparison of the 1initial ram kinetlic energy and the
kinetlc energy at the cowling exilt shows a velocity
Increase and therefore a positive Jet thrust. A com-
parison, however, of exit kinetic energy and the total
mechanical energy lnput (ram plus blower energies) shows
& net loss in mechanlical energy.

Thermodynamic Efficlency

The loes in mechanical energy mentloned 1n the pre-
ceding sectlon 1ls measured by the thermodynamlc effl-
clency of the heat cycle. This efficlency 1s defined
in reference 2 as the ratlo

Hecat lnput - Heat rejscted
Heat 1input

When more heat is rejected than 1s put in, then of neces-
sity mechanical energy equal to the difference is being
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dissipated as heat and the thermodynamic efflclency is
negative. Figure 9 shows the efficiency of the cooling-
alr heat cycle for several fin widths and blower effi-
clencles. It 1g 4Aifflicult to obtain a positive effl~
clency and even under ideal conditlions the efflclency 1s
quite small.

Lo
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Figure 9.~ Thermodynamic effloiency of the cooling-air heat cycle
for high speed at sea level.

Even though the thermodynamlc efflclency mg 1s
almost invarlebly negative and the assumed blower effi-
clency mg 1n general 1s only 70 percent, the results
show that some blower power in excess of that required
for cooling 1s desirable. Thermodynamic and blower

efficlencles are relatively unimportant compared with
jet efficiency mnj.
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-- Jet- efflclency so dominates the cooling situation
that the optimum blower power, to a first approximatilon,
1s selected to make the exlt velocity the same as the
free-stream veloclty. In this case the Jet efficiency
is 100 percent. (See fig. 10.) The acddition of heat
to the cooling air and changes in blower efflclency msake
only trivial ckanges in the optimum exit velocity.

An examination of the curves (fig. 10) taken from
various flgures throughout the report for the case of climb
at 40,000 feet bears out the general statements Just made.
On the curve of exlt veloclty against blower power, the
speed at which the exlt veloclty ies the same as alrplane
apeed 1s 1ndlceted. Comparlson of ths blower power which
gives thils exlt veloclty wlth the blower pcwer glving the
maximum net thrust power shows almost exact agreement.

COICLUSICKS

The chAarts presented, which show the relations
between the net thrust power and the power put iInto the
lnwer, make evidert several genersl rules. These rules
arec:

1. A blower may be used to increase the maximum
altitude of opreration for a particular heat-exchanger
Installation. Thie highest altltude at which proper
cooling 1s »ossible, even wlth a blower, 1s deflnitely
limited by the dimensions of tre heat exchanger.

2. The Jet eofflclency so dominates the use of
blower power that, to all practical purpcses, the optl-
mum blower power 1s that requlred to glve an exit velocity
egqual to free-stream veloclty. Thils velocity gives a
Jet efficlency of 100 percent.

3. In redesiFpning a heat exchanger for high altl-
tude, sufficlent cooling surface shculd be used to cool
properly without a blower. When finning that gives the
maximwua net thrust with no hlower is used, this thrust
1s gubstantlally higher than can be obtained with any
narrower flns and any amount of blower compression.

When the use of a blower produces a greater thrust from
the power plant, thls increase 1s not so much a measure
of the blower excellence &s it 1s a measure of heat-
exchanger inadequacy.
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4, The efflclency of the cooling-air heat cycle 1is
so low that under no conditions consldered when the
cooling 1s adequate does an !ncrease in blower power
cause an equal increase ir net thrust power.

Langley Memorlal Aeronautical Laboratory.
Natlional Advirory Committes for Aeronautlcs
Langley Fleld, Va.



NACA ARR No. L4G24 15

APPENDIX A
STMBOILS
A cross-sectional area, sq ft
Cr, 1ift coefficlent
D drag force, 1b
g acceleration due to gravity, ft/sec®
H heat dissipation by ercha. er, Btu/sec
h enthalpy (heat content), Btu/lb
L 1ift force, 1lb
3 power, hp
p statlic pressure, 1b/sq ft or 1b/rq in.
T temperature, °F
v veloclity, Ips
v speciflc volume, cu ft/1b
v welght rate of flow of air, 1b/sec
R adlabatlc efflciency of blower=diffuser unit,
ratio of lsentrople to actual enthalpy increase
for glven statlic-pressure rise
Mo thermodynanic efficlency ochogl%n -air heat
cycle (reference 2) (1 - T%—:-T%S
(_2Vo_ for Vg > V
Vo + Vg 5 0
Ny Jet efficlency, P
Xg—t;zé for Vg < V
2V, 5 0

e
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Np proneller cfficlency, ratio of thrust power to
power lnput

TR efficiency c¢f ran compression, rutlo of actual
to Iecenirepilc pressure rilse Tor gilven totel-
energy increase

Tg tlower shaft efliclency, ratlo of powcr delivered
tec e¢ir to power tairen firov, eagrine by blover

Sibecripts:
0 fres-ctrean concditions

B,1,2,3,4,5 conditions at corresposding siation in
covling
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APPTNDIX B

RESULTS IN DETAIL

1

17

The results presented in thls section were summarilzed

in the main -paper.

Here they are glven in detall and

for a much wider range than would be rracticahle in any
eireraft Installation.

Figures 11, 12, and 13 give the thrust power as 1t
varles with the blower power at sea

and 40,000 feet, respectively.

On

peller and jet thrust powers, which

cally to glve the net thrust power,

elrrlane speeds.

maximum I,/D.

The snceds shown

level, 25,000 feet,
each graph the pro-
are acded algehral-
are cshown for three
on the graphs vere
selected to cover the range of fllght operatlion from
above level-=fllight high speed to saneeds below that for
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Figure 1ll.- Thrust as a funotion of speed and blower power at sea

level.
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Figures 14 and 15 give the thrust-power breakdown
curves for three fin widtha in the high-speed conditlon
at sea level, and for two fin wldths at 40,000 feet,
The narrow fin wldth 1s omitted at 40,000 feet because
1ts cooling 1s quite inadequate under all conditlons at
this altitude.

Flgure 16 shows how the exlt veloclty varles with
blower power. As lower blower powers (lower compression
ratios) are used, the velocity out the exit drops rapidly.
As thls veloclty drops, the exlt area must lncrease pro-
rortlionally. The curves are cut off arbltrarily at an
exit area of 5 square feet, that 1s, at exlt velocltles
of about 3CO feet per second at 4C,000 feet and 160 rfeet
per second at 25,000 feet, and it 1s assumed that an
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Figure 1lLh.- Thrust e&s a function of fin width and blower power
for high speed at sea level.
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engine requlring a greater exlt area has insufficlent
cooling. The shaded areas on some of the figures (for
example, figs. 1 and 4), which indicate conditions for
Insufflclent coollng, were determined 1n thls manner.

Cn operating airplanes the area of the exit 1s further
increased by flaps, which may reduce the pressure behind
the englne by thelr effect on the alr flow over the
nacelle. Rapid drag lncreases usually accompany the
use of flaps beycnd some moderate opening, snd rather than
bring this varying drag conditlon into the computations
the exlt area has been limited to the value given pre-
viously.

The rate of climb or céive ls compvrted from the dif-
ference between the thirust power avallable end the thrust
rower requlred for level flight. he rates of climb at
three altitudes are shown in fipures 17, 18, and 19.
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Flgure 17.- Rate of climb at sea level.
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Flgure 20 shows the effect of the adisbatic effi-
clency of the blower on the variation of net thrust power
with blower power, These curves show that, as the blower

efficiency 18 lewered, the blower power giving maximum
thrust decreases vory rapldly.

I 1 |
|
1o == ___—_-.-_—_-—15—~_..___ Rlower efficlency
I R Bl Ces SR ey e R ( percent)
iy 1200—-+- B "?'—"’“‘-“4‘;"1‘ S B : 100|
B | l “’\\ N T :. 7 \PA\
o 100 t— et Innln —~—1T ==
5 I | | | T \
p- 800—_. —.I._.__._‘_——-._ L—-...._.._.—- I ——— 7
1 l |
g |
5 ot - —— +— -—-—-—-;—— —
© !
P hoo — e e ._..__i.__.__.‘ - ,'
I 1
200——t— -~ — T —]—"* S S, N }
| ! ] {
-———!_—-——.L- —._-[_..__. . ——— L h i ]
0 200 L2G 60C 00 1000 1200

Elower power, hp

Figure 20.- %f fect of blower efficiency on net thrust power for
high speed at sea level.

The effect of propeller efficlency is shown in fig-
ure 21. The Jet-thrust curve for low specd at 40,000 feet
and propeller curves for 50- and 80-percent elfflclency are
used, The effect of decreasing the propeller eifficlency
1s to lower the lecw-blower-power end of the net-thrust
curves and thus to allow more power to te used 1ln the
blower to get maximuwn net thrust power. As 18 to Dbe
expected, the net thrust 1s quite sensitive to propeller
efflclency with low blower power and to blower efficlency
wlth high blower power.
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Figure 22, which shows the effects of altlitude and
alirplane snced on the thermodymamic ef iclency of the
cocling-alir heat cycla, comp_emenbs figrre 9, whlich shows
the effects cf Hlcwer cfficlerncy and f'in width. It
st.ould hLe nnted thiat ats hish cititudes the cyecle effi-
ciency le lower tlhian atv low or mediun n1titunes, and the
efflelency at 107 speeds 13 lower than gt high sneeds.
The alrplanc specd is of minor imuertance at low altl-
tudes.

The grapbs o thermedmomic efficlency {(figs. 9
and 22) Invite a rvrther ¢lacvesion of the lwcat cirrcle
from a trermiodynanlc sterdpolnt. The prinary ohject of
many heat cjyeles is to traa-~Zornm reat e¢nercr Irto mechani-
cal energy. Vhen tte verklup suvstsnce goes throurh a
closed cycle of corclitlons, LY reverslble caftinges, the
ares Incloszsd on a temperatiarc-entrcry chart 1s a nmeas-
ure of tre tronsition ovetiveen the heat end mechanlcel
forms cI' enarsry. A net rialtive area (ecirmuriseribed in
a8 clociswvise direction) inrcicates o fala in mechanical
energy. thenever eny pert of the crcle 1s lrreversibles,
the Inclosad area nc longer hes uantiteatcive signif'icance
and the entropy rice baceres cof Importarce, In svuch
cases the only” arars o7 nerticrlar significance are out-
side the cycleo.

YIhen irrevernitle cran~es (for example, friction
heating) cceur, the cycle mar be drawn oun an exnthslpy-
entrony crart and tle imccraiical and heat eunergles read
from distances ratrer Lhan arecas,. In tris cose the
problem is that of putting thie point 5 (fies. 22 to 27
ag far bhelnw trhe total-cneresy lsvel for the exlt aco
poss3ible. lihen thlte seperasion 1o increased by ralsing
the total enzrgy with a blouer, 1t 1s at the expense of
propellsr pover. Vhen peint & is lowzred by ke pi“g the
entropy low, thie power coet of the chunce Is regl r*hl,‘
Thils contrast clearly c+lla lor lov coolinc-alr velocily
in the hest ﬂnc“aﬂeer and high blovwer c¢flicielicy.

Pirures ZZ to L7 ghow aeveral reprcerentative coolinﬂ-

ailr heat cycles. Ilpure 23 srows ¢m actusl oyclq oo
which 1s superimposec an ideal, or revarrible, crcle wiith

ne same starting jioint end cnergy cdditions. Thls
ideal cycle (O 1' 4' &) 1s inelossd bv two coustaons
entropy lines end tvo constant rregsurs lines (the .Joule
or Prayton cycle) and has a positive eflicirney. Zo
lnong as thers are nc turbuvlence or frictlenxl prsssure
losses, this cyecle willl Cnnt‘nve to have & positive effi=-
ciency, regardless of the amrunt »f blower comprssclon.
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A small Increese in entropy, however, ralses point 5
enough to cause a net loss in mechanlcal encrgy.

Figurs 24 shows a cycle that 1s ldeallzed to the
extent of allowing a 100-percent-~aciabatlic effliclency for
the blower. Veloeclty in tlxe flas 18 low enourh that
there 1s lilttle pressure drop in the flns, andé for the
cycle there is a slight galn In mechanical energy. In
thls case coclins 1s no rnrobien,

Pigure 2& goes to thLe onrosiise extreme and shows a
crcle for whnlch the c¢n0lir~ *s innuflicient. In thils
case the velocity in the fins is high, thus ceusing con-
siderable precsure dron and oving »oint 3 far to the
right, Thlna high elr velocity alrfo lendgs to larre
losses In totel wressure (entropy rilass) wren the air is
durped from Lhe firs. af g result, 1F the requl:ed rate
of conlirg-air flow were to exlist, the total presaure
behind the fins would he lower than the free-strean
stetlc pressure and the cycle would be Imposarlible wilthout
the use of flaps. In tre cuse ol nerrow {irs at
40,000 feet, the coclling situstlon is so bad that the
polnt 3 cannot be deflned for any amount of compresslon
and 1t 1s Impossible to completse The cvycle. Obviously,
wide flns are necencary to ixeep the entropy rise at a
minimurn. This fact 1s even more apnarent from a com-
parison of fifure« 26 and 27, whlch show the coollng-air
cyvcle for ram compression with two different fin wicths.
These figures shov that the air goling through the
1.5-inch fins has ftwlice a&s much ix!'netic enerpr at tle
exit a3 the air through 1.2-inch firs,
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AFPPENDIX C
METHOD OF CALCULATION
Case 1 - Ram Compresslion

The results presented in this analysls were obtalned
by grarhlical solution with chkarts like figure 28 (placed

at end of report). (In the prepaeration of fig. 28 the
equation for specific heat at constant pressure

0,0008T

ep = 0.2412 + 100

was used, This equatlon 3z derived from a curve of ¢

plotted agalnst T 1ir rerfarence Z.) The statlons 1n
the coolling systenm are showvn 1ln flgure 29. Sample

5

Case 2 - Plower corpression

Figure 29.~ Stations In cowled heat exchanger.
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solutions are shown in figures 26 and 27. PFigure 26
wlll be explained in detall by figures 30 to 33.

It will be observed in flgure 28 that llnes of con-
stant pressure and constant speclflic volume are plotted
on a coordinate system of entropy and enthalpy or tem-
perature. Any point on the chart represents a certain
temperature, pressure, and specifilc volume. When a
determination of the power to cool an air-cooled engine
1s made, the temperature and pressure in the free ailr
stream locate the starting point on the chart. For the
typical case used, this 1nitlal point 1s indicated by O
In figure 30.
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Cowllng entrance.~ The alr has a speed of 700 feet
rer second wlth respect to the cowling, and ths iilnetlic
energy essoclated with thls speed must he consldered as
Increasing tlte free-stream total energy. Yhe lnesert in
figure 28, wvhen drewn to proper scale, cshows thlis kinetle
energy 1n enthalny unites. The veiue !s takenrn from the
Inrsert with dividers ané set off vertically above O on
thie chart to establisihh the ncint A (fig. 30). «+ hori-
zontal lins throusrh & 1ndicates the tctal-energr level
of the eclr relative to the cowllrns st ery tire hefore
the alr enters tho hLeat excliarnizer, In entering the
cowlling the alr slows down, the tcempeiratvre and tle
pressure rilce, and ths specilic vclume cdecreases.

Point A wonld we the gtate point of the alr if it were
brought exactly ton rest relatlve to the cowl!ng, end 1f
this were done at 100-rerceant officiency without heat
belng falned or lost.

Because In practice tl.ie alr 1niay not be entirely
stoppead, 1t Js necessury to upply ths condltion that the
welght of alr pascing thirourl: thie syster be ccnstant: thus

The welght rate of flow 1s establltshed by crollng reqiire-
ments end the cross-sectional arec Just before the heat
exchanger 1s knowrn from the georetry ol the systen.

Select a specific-volume line in tre vicinitr of A4 (for
example, 50 cu ££/1b) and ctlculate the corrcsponding
veloclty (95 ft/aec). "easure off on the luserted
veloclty-enecrgy scele the distance correspcndinsgs to thils
.veloclty. LWhere the specifiic-~voluma 1lins Is thls dla-
tance below the total-eneryy line, plot ™Me roint.

Severci of these points cetermine the coutinuilty line OC;.

The poilnt a on iine Ci1, Just below peint A4, is
the state wolnt of the air if the rrezcrived amount of air
flows through tire system at 1CC-nercsnt elflilclency and
wlth no heat galnec or lost. The paysical =ignlTicuancs
of points A and a Is as Tollowss Point A decscrihes
the parsical pronertles of the air just in frent of the
engine when no alr 1s allowed to flow through the fins.
Point a descrlbes the physicael prcperties of the air in
frent of the enginre vhen the alr l1s sloved down but not
entlirely stopped. The dlstance between polnts A and a
gives the veloclty of the aslow-moving air just before it
accelerates into the engine fins.,
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The ram compresslon of the alr wlthin the cowllng,
however, 1s actually accomplished at some lower effl-
clency and, therefore, the polnt must fall on some lower
bPressure curve than the one through polnt =a. (See

fig. 31l.) The new pressure curve 1ls defined by the
relation

APactual
AP1sentropic

T]R=

where mp = 90 percent 1s assumed and the Lsentroplc

pressure rise i1s the pressure difference between polnts O
anc a. The value of Apgotpals Which 1s calculated

from thils equation, 13 the pressure rise that willl actu-
ally occur from free stream to a point Just before the
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Figure 3l.- Diffuser ard heat-exchanger entrance.
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engline and establlishes the pressure line Py through
the point b. (This pressure line py may also be
located very easily, and with conly slight error, vy
leving off (b equal tc 99 rercert of OQa.) The state
polnt for the &lr In front of the englne muct lle some-
where on thls »nrersure line. Inasmucli as conservation
of mass apirlies to alr flowing through the cowling, the
state polnt rmust &lso lle on the continulty line Cj.
The state point 1, wrich descrlves ths phrsicel preper-
tles of the slr nt the rnexirmmm onen section of the
covling (station 1, fler. 23), therefore 13 at the inter-
gectlion of 13 eana Cj. “‘he vertical diatrnecs between
atete point 1 and the tctal-erneryp lians reasures Lbe
veloelty.

EHIEEEEP to fing.- When the &ir enters the Illns, the

constrictisn of the a r strrerm arufes tre wvolselir to
increase and the ctaetin~ p;.uvr e ard terpersaturs *o

decreane., O thie chart, ti.crefnreg, the stcete polnt for
’ ’ b

the alr 1n the neeat-eiclanser encruarce wlll bhe souewhere

below that for the alr In Ivent 2 the excianger. The

exect location 1 cese rine’ £s Follows:

2¥ uss of the coasteni-velgit-I{lo™ requirerent

the continaity lire Cg les drawn In the same marrer as
Ci. T:e atate moint of the alr Just after unt"irg thLe
fins must 1lle on Lrls l1line. Brcense sfocd "affle
ehfrauu.s allow trs alr to acceieiets am nﬂcrly ~GCC-nercont
efficteninry (ro entrony ckau~s), 2 vsrsical i’ne s dronned
frem atete point 1 to the 1.ne Co. LTe Inver+ection 1s
the state prinbt 2, whicel conrletcs?y Acsarites thie ghyvical
pragariles oi’ the air jv3t altegr L6 enterd “he I're puan
before 1T uts bheon heaked L7 tae Ilna. e alm veloalty
1s meravrel vy Lhe dlaftuance Letwvirer che totul-emerery ilrne
an? ths peint 2.

At aretan~an -~ Uren tte aorliling eir ross SLrsuch
the 2% 1 e LA »masrrs nrons gud Li, gToe DY L
Leradere M.~ L rous 20 (e licth. Trere e 8Lo0 sone
Gecreas I vriuocivoee vl Aumireasc Im "u\,"'ﬁ voLntTe,
In orces vo CE327.0€ nili it ChanTs im T"U'“'ltg- tre
stete point rst s'ise wnd move bo the right on the clert.
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The method for locating the point exactly 1s shown in
figures 26 and 32. The heat energy added to each pound
of cooling air :

Ah = H/W

1s the amount that the total-energy level rises as the
alr takes heat from the fins. This rise 1ls set off as
shown in flgure 26. The line Cz 1is drawn below this
new total-energy level (fig. 32) exactly as C; and OCg
were drawn below tlie first energy-level llne. These
continulty lines show what part of the total energy 1s
in thermal energy ard whet part in kinetlc energy at
varlous pressures and specific volumes.

Total enerry
after exchanger

B / /
>~ = 3,22 1b/sq in.
cz \ p3 3 . ), 8Q

—

/3\ T
/

////////
/:0 = 2.72 1b/sq in.
/

Figure ?2.- Heat exchanger.




38 ' NACA ARR No. I4G24

The equation

Pp = P3 = 2vor \ =

1s used to determine tre precsure cf the air Just before
it leaves ilre fins. The first term or the riacnt-hand
slde, for frictional pressure dror, 1s talzer from refer-
ernce 1; the secound term ls tle orentur pressure drop.
VWhien put inlo the form

Pz = Do hog (n.e23v, - 1. <075V )

1t 1s easy to evaluate pz 1n terms of Va. This equa=-
tion 1s plotted Ir. sxictly the sane marne> &s the con-
tinuity Pquation except trat fressare and veloclty are
useil ins+epa ol srec"‘c VQWLma end VF¢O"LTV- Lris
rressure 1line 1s rhovm 83 1line E ir flgnre 32. The
Intersectior of Jines © and Cz 18 the state nolnt 3

and describes the onlr combiratlon of rropertles possible
for the air jnst Telole 1t leaves the fins, This set

cf proper-tf.eq is uniquely determined ty the eguations

for prcssure drop anl vy the fact tha' the welisht rate

of alr flnv 13 constart frer the entrance Lo the exls

of the co"lilir

fyj from heet exchanser.- The chanme 1in the condl-
tion ¢i tne a.r &8 . < .caver the flms is shown in fig-
wre &l ren tre alir entered the fins, 1t was accelerated
very ¢fficientiy. Ir coutress, there 1s riven turbulence
prodr.c2d in tne £lr wren it is Aurped abruaptly irto the
opea ¢£race kehird the ensinre cviinders. Tkls turbulerce
Gec~e: 223 the aronnt cf drmemls rresurre trhat can be con-
verss . into sta*lec precsure. Irstaad of cdessribing this
losa v1th an efliciency factor, the usual expresslon for
loss in tontel nressure at en abrupt expanzion s used:

2 ., 2
Az Y Va3

A Total pressure = ( - EZ E;EE
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In terms of veloclties and statlic pressures thls expres-

sion 1s
2
o = p. + 2A5 ) (?;) WVs ) WV4
4 3 A4 A4 2Asg 2A4g

The requlrement of constant welght flow allows the con-
tiruity 1line C4 to be drawm on the chart, and enough of

the pressure equation just given is plotted (line F) to
Intersect the contlinuity linc. The locatlion of the state
polint 4 shows that onlw a srell amount of atatle pressure
1s regalned In the expcrnslor. and tlrat the termperaturs rise
1s almost the same as would have resulted frcm an effi-
clent expansion. Tie increese ir entropy curlns the
expansion 13 a measure cf %tle snergy that his becore
unavallable for dolng mechanical work end is tled up in
undirected turbulence.

Total euersy . oy = 2b3 1b/eq in.

after orchanzer F
g — e -
3 ‘,\
: H
E\_\ /l

C3 —_—

/]
_!_— )
|
l
|
|

-
/
Py = 2.72 1b/sq in.

1\ .._._v5=662 ft/sec

Ul

Flgure 3*.- Exlt from exchanger and du~t.
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Exit from cowling.- The path of the air inslide the
cowlling converges as 1t goss from tke large area behind
the engline bo the exlt and the pressure drops to free-
strean statlec pressure at the exlt. As tks alr is
accelerated by this pressurs érop, the temperature elso
édrors anc the specifizs voluna increases, Thies 1s ths
sane effect as the acceleration of the alr Xrto the
firs between ctations 1 and T aad ic assuned to take
place a*t 100~perceut efficleucy. Cn the chart (Jig. 33)
this change %8 descrilb~d by dropnirs a verticsl lirne from
the state point 4 to Intersect the free-stream preecsure
line, vhich rassesg through the free-streem state polnt 0.
The state point 5 describes the tennerature and the
specific volume of ths ailr as it leaves the ccwling, and
tlie dlstance between state noint 5 end the Gotal-energy
lire tells the veloclty of the alr in the exlt.

The alr ariginally had a velncity of 700 feet per
seccnd relatlve to the cowlling but at the exit its
velcclity was only €E2 Teet per aecond. This regatlve
veloclty change 1ls substituted 1In the equatlon

WV AV
P = —5:cg

to find the Jet thrust horsepowsr. When V 18 nega-

tive - that !s, when the air is sicwed - the equation

for P glves the power required to overcome the “momentum
drag® of the cooling alr.

Case 2 - Blower Compressiocn

When a blower 1ls used to give a higher pressure in
front of the engine, the cslculations for the cowling
entrance are changed sorewha*, The blower 1s placed at
the cowl entrence and, as there ig little ovyortun¢ty for
friction or breskaway, the ruam corpressicn in front of the
blower 3s assumed to take place at 1J0-percent effliclency.
Desgcrlbing this comrressiosn on the chart in flgure Z4,
the state point moves verticelly mpward from C to the
proper pressure. Tn order to loctite the state polnt
exactly, the tlower continulty 1line Cy3 1is drawn,

using the 4-square-foot open erea of the blower and the
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Temperature, oF

Lo

0"

- 20

Totel energy
before erchenger

41

vy = L42.75 cu ft/l%
49;5/1 = 111 1b/sq in.

e —— — — ———— e e s e o e s e Y

Total energy
before blower

T - e m— e

-

7

2

pg = 3.63 1b/sq in.

/

Enthaloy, Btu/1b

- -20

--Lo

Cg-

—~B

To = =bL.5 Op

Isentrone

/

-

—— — —— ——— -~

A

d e —————
—

— 1

Figure 3L.- Entrance rection with blower.
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requlred welght flow. The intsreection of Cp and the

vertlcal line through 0O 13 the state polnt B describing
condltions lust in front of tke blower,

The static-pressurc rise desired »ver tl.e blover-
diffuscr sectlon 1s added to ths rressure al polnt B
to find what the nressure will be lust In Tront of the
engine. This pressure line, pj; = 4.1 pounds per squAre
inch, in the example (i'ig, 34) ia drawn in. The rtate
polnt 1 must lie screhere on thls prszrure line becsuse
ol the deflinec nressurs riaer, lie particuler point on
the precsure line Is determined by tre efflclency in this
marners

Define the arlabatlc eflficler-cy of the bLlower as

T~
= Atimentronte

TN =
B dhqetual

Mark the polnt b where the Ty line intersects the

verticsel 1llne, or ilsentrcpe, through O and E. If
tre blovwer and dilfuser were 100-percent efficient, the
point b would be state point 1l; tkerricre, the iren-
tropic ernthalpy change Ahjgentropic 18 the enthalpy

rigse from point 3 to polnt b, Uas Ng = 70 vercens

to calculate the actual erthulpy rilse. This acingl
incrense In enthalpy estseblishes the prolnt ¢, wnhichkh ls
et the temperaturec exiaoting jfust before the englne.

Tre horizontal (constant temrerature) line thirourh
point & Intersscts the line P at stete polnt 1.

Physically, the following havpena: The blower puats more
energy 1rto tkhe alr thar 13 recsssary to get the desired
pressure rlse and part of this encrgy soes Iinto ralsing
the temperature. The lseantrorie erthalpy rlse 1ls the
minimim energy that can be n1sed to get the dcsired
pressure rilso, The dliference betwesn tle lsentroplc and
the actuel enthalpy rise 1z the thermal energy that
appears from friction and the damming out of turbhulsence.

Because tho atate polint 1 must 1lie on tle contlnuity
lire Cy (rnet drawn here), trhe continulty equetion is

solved for velnclty by using the speclfic volume at
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point 1, and the dlstance correspondlng to this wveloclty
is laid off ebovae 1. The total-cnergy line pasuses horl-
zontally threugh the new point. This energy liune defines
the totel-snergy leval just in front ol the engline and

i1s ueed to calculate state polnt 2 and ell the rest of
the cycle exactly as waus done for ram ccmprecsion.

he difference betveen the total-enorsy levels in
front of the Llower and just In firont of thc ensgine is
tlie energy pit in*o each porméd of gir by the blower.
The totel pover cost of the hlower then 1s

1.4147 &hE

Ny

where 1ig s the shafi effliclencr for tranonitting power
from the evgine to the blower and AhB 1s the total-
energy rise over tle blcwer.
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APPERDIX D
COIDITIOUE UPOIT VIICF CALCULALATIONZ AF™, QRASTD

For monst of the problems sssaciated with ceoling an
air-cnoled englne un exact =oliutisn 1is 'rincssible and
sonewvhat Ideallized condliions nust Le de.'ined ec a osis
for calculatlion. The conc¢lc’ons ¥or the nrarent reportd
ave glven and an evuilnation mace ol the degrse of approxi-
mation invelved to &aid In comparing these results with
those obtalned by other irveatlgators.

The perforrance of tl.e ai:plane 13 descr’ihed Dy the
L/D curve in Flrure ZE, vwhich 18 taken from an unpubhlished
analyels.
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Lif%t soelficicnt, Tp
Fipure 35.- Lifs-drag ra%io of airplane as a furction of 1lift
coeflicient.
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The hypothetlcal engine consldered, like that in ref-
erence 1, develops 1ts normal power rating of 1675 horse=-
power under all condltions, and &ll of this power that 1s
not used to operate the blower 1s put into the propeller.
The rate of heat dissipatlon through the coollng fins 1s
445 Btu per second wilth an average head temperature of

410°F,

The propeller and blower efficlencles are held con-
stant et -0 and 70 nercent, respectively. In thils way
1t 1s posaiicle to show the effect of a blower on the
thrust raver for a conglderable range of blower powers,
fin wldathy, altltudess, and speeds. Tn an actual case,
however, the efficierzcies of the propeller and blower
vary thr=sivihout the rernge of normel operation. Thils
actual ca~r may a8lsn re anelyzed by the methods of this
rerort. Trne ifdeallzation 1n the assurption of constant
efliclencies does not invalldate aav of the general con-
clusicna, The accorpunying dlagrams show the effect of
changing the blecwer end nropeller efflclencles.

g =~ Yet thrust §I
S i 8| et thrust
L OR
N1 )
g Proreller
& " Jat ~ Hl/ T~
Blower power Blower power
High provpeller efficlency Low pronreller efficiency
Low blower efficiency High blower efficiency

Net thrust
Prone

/

Blower power

Y

Thrust power

et

Average effiolencies
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General Condltions

Army alr 1s used exclusively.

Uniform temperature, prossurc, and veloclty exlet
over any crose sgectlon of the conling-alir duct. The use
of mean values for velocilty and physical properties
intrsosdnces no errors hevond the arrroxirations in the
equetiors.

Addltionel avprexiratlions are 'nviived irn the nerlect
o the Induced vower {1 the fing end Hlower, end the
Induced ard operatirg nHowver f'er a supercliaryer. The dif-
ferencs Iir. induced rowerg, Irom the carrowest to the
widest alumiluvm firne, ie¢ less than 10 horsencwer. Elower
Incduced rower for all but the larmect hiowers 1s of the
same order >f megpynituie. The sunercharging requirements
are the same for hoth noolint retlhicds; therafere, the
conparlaors that have been dArewn are stfll valid,

Jare 1 -~ Without Zlower

(immrers in veedinrs = For ezarple (0 to 1) - indi-
cate statlons in the cooirr~air duct, as sghnwn in
fig. 29.)

Eatrence dlffuser rection (2 to 1):

No heat tranzier nceuvrs. Temneratuire rice due to
compreszlcn is so small and rate of reat loss ro low
that, with the flow rater used, thc temperature chance

due to heat transier i1s quits insiqniflcsant.

Frictional effects are accountcd for In the effil-
clency terns mp or mnm.

Feat-exchance~ entrorces (1 to 2):

Llr accelerates lseniropically. Thls statement is
suhetantlially true for all rearonably well-designed
entrancas.

Fo heat trensfcer occurs. ¥V¥hille not ctrictly true,
thlz essumrtion involves reglicible error. Conpression
has already taken plece and whether a small amount of
heat enters tae slr lust beforo or just after station 2
1s irmaterial.
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Heat exchanéer (2 to 3):

Frictlonal pressure drop in the fins 1s 30 percent
of the average dynamlc pressure. This value agrees
well with experilence and, being held constant, does not
Invalldate any comparlsons.

No other assumptions beyond the general conditions
are used in the heat exchanger.

Heat-exchanger exit (3 to 4):

Total-pressure lors 18 the same as for an abrupt
expansion. Mixing losses, where the streams arcund
opposite sides of the cylinder meet, tend to make thls
loss larger, and bafile exits may be desligned to make
the expanslon less abrupc. TInasmuch as these effects
cannot be accurately evaluated end do not differ greatly
with or velthout a blower, they are neglected. The
equation used 1s for incompressible flow but agelin the
error 1s negligible. Witk an area ratlo of 0.2 and a
lhach number of 1, Inr extmple, the error 1= less than
1 percent, &nd with Mach numbers of C.E the area ratilo
may be increased to 0.& wllhout greater error.

Turbulence has subsided at station 4. This state-
ment has reference to large-scale motions not parallel
to the dlrection of net flow,. Actuelly, any undirected
turbulence &appears as an increase in entropy and is felt
throughout the rest of the cycle.

Duct exit (4 to 5):

Alr accelerates lsentroplcelly with no significant
frietlon or heat transfer.

Case 2 - With Blower

When a blower 1s used, an extra station (just before
the blower) 1s necessary between the free stream and the
heat exchanger.
In front of blower (O to B):

Compression ls adlabatlic and isentroplc. As these

statlons are in front of the duct, there 1s 1little chance
of frictlon or breakaway.
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Elower-diffuser section (B to 1):

Statlc-pressure rise ecirross the blower-diffuser
sectlon 1s defined. Tt mezes nn dlfference wrether
static or total wressure is urced, inasmuch as blower
power ls calculated from the total-energy rilce across
the blowcr.

o Leat transfer occura. Temrerature rise due to
corpregasion s so srall erd rete of heat lonss so low that
with thce flow rates used trne temleraturc change duae to
heat trursfer 1s gnlte irsimificant.

REatrony rise accounts for any turbulence at sta-
tion 1. Th*s turbulence wiil ant be evcesslve 1f a
well-designed blovwer In used with countervanes.
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